Ion channels are allosteric membrane proteins that open and close an ion-permeable pore in response to various stimuli. This gating process provides the regulation that underlies electrical signaling events such as action potentials, postsynaptic potentials, and sensory receptor potentials. Recently, the molecular structures of a number of ion channels and channel domains have been solved by x-ray crystallography. These structures have highlighted a gap in our understanding of the relationship between a channel's function and its structure. Here we introduce a new technique to fi ll this gap by simultaneously measuring the channel function with the inside-out patch-clamp technique and the channel structure with fl uorescence spectroscopy. The structure and dynamics of short-range interactions in the channel can be measured by the presence of quenching of a covalently attached bimane fl uorophore by a nearby tryptophan residue in the channel. This approach was applied to study the gating rearrangements in the bovine rod cyclic nucleotide-gated ion channel CNGA1 where it was found that C481 moves towards A461 during the opening allosteric transition induced by cyclic nucleotide. The approach offers new hope for elucidating the gating rearrangements in channels of known structure.
Ion channels are allosteric membrane proteins that open and close an ion-permeable pore in response to various stimuli. This gating process provides the regulation that underlies electrical signaling events such as action potentials, postsynaptic potentials, and sensory receptor potentials. Recently, the molecular structures of a number of ion channels and channel domains have been solved by x-ray crystallography. These structures have highlighted a gap in our understanding of the relationship between a channel's function and its structure. Here we introduce a new technique to fi ll this gap by simultaneously measuring the channel function with the inside-out patch-clamp technique and the channel structure with fl uorescence spectroscopy. The structure and dynamics of short-range interactions in the channel can be measured by the presence of quenching of a covalently attached bimane fl uorophore by a nearby tryptophan residue in the channel. This approach was applied to study the gating rearrangements in the bovine rod cyclic nucleotide-gated ion channel CNGA1 where it was found that C481 moves towards A461 during the opening allosteric transition induced by cyclic nucleotide. The approach offers new hope for elucidating the gating rearrangements in channels of known structure.
I N T R O D U C T I O N
With the recent unveiling of many high-resolution x-ray crystallographic structures of ion channel proteins, we have entered a new era in ion channel research (Hille, 2001; Swartz, 2004) . We are no longer asking simply what does the channel look like but instead are now asking how does the channel structure change or rearrange during gating. Gating is the process by which all ion channels control the opening and closing of their ion-permeable pore. In most cases it is thought to be an allosteric conformational change that is regulated by signals such as changes in transmembrane voltage, the binding of external or internal ligands, or membrane stretch (Sigworth, 1994; Li et al., 1997; Perozo and Rees, 2003) . In each case, the regulator differentially affects the energy of the closed and open conformations and produces changes in the channel open probability. These changes in open probability are of fundamental importance to the physiological function of ion channels, but their detailed molecular mechanisms remain unknown.
Unfortunately, structural determination of the same channel protein in different conformational states has proven diffi cult. As a result, a number of methods have been developed to infer conformational changes from more indirect measurements such as gating effects of channel mutations, state-dependent changes in cysteine accessibility or disulfi de bond formation, changes in cysteine-linked biotin accessibility, and state dependence of channel modulators and blockers Liu et al., 1997; Johnson and Zagotta, 2001; Laine et al., 2003; Phillips et al., 2005; Ruta et al., 2005) . Recently, site-specifi c fl uorescence labeling of channels has been used to follow the conformational changes associated with gating in voltagedependent channels (Mannuzzu et al., 1996; Cha and Bezanilla, 1997; Cha et al., 1999; Zheng and Zagotta, 2000; Posson et al., 2005) . The fl uorescence of a fl uorophore can report changes in local environment, accessibility to soluble quenchers, or proximity to nearby fl uorophores by fl uorescence resonance energy transfer (FRET) (Selvin, 1995) . This method can be combined with whole-cell (or whole-oocyte) recording or excised patch recording, allowing simultaneous monitoring of channel function and structure with a relatively noninvasive probe.
The existing fl uorescence methods have a number of limitations that have reduced their usefulness: (a) the cause of fl uorescence changes is often ambiguous, and its time course often complex, making the molecular interpretation of the results diffi cult; (b) the fl uorophores are often large (e.g., GFP derivatives) or attached by long linkers, making the fl uorophore a poor reporter of the movement of its attachment point; (c) the fl uorescent labeling is not always completely specifi c to the channel or the cysteine in question; (d) distances reported by standard FRET are too large (30-70 Å), on the order of the diameter of the channel protein itself; and (e) the distance dependence of FRET is extremely steep (FRET effi ciency depends on the sixth power of the distance), making it sensitive to movements only in a very narrow range of distances, around R o . This steep distance dependence, combined with orientation dependence and inaccuracies in measuring the FRET effi ciency, makes distance measurements with FRET unreliable. The availability of high resolution structural information has created the need for a fl uorescence approach that utilizes smaller, more specifi c, probes that monitor much shorter distances, on the order of the interaction distances observed in the molecular structures.
The need for a new approach is perhaps nowhere better illustrated than in cyclic nucleotide-gated (CNG) channels. CNG channels have been well characterized both functionally and structurally (Kaupp and Seifert, 2002; Craven and Zagotta, 2005) . They are nonselective cation channels that are opened by the direct binding of cyclic nucleotides to an intracellular domain and have important roles in signal transduction, both in photo receptors and olfactory neurons. Recently, a high resolution x-ray structure has been solved for the intracellular carboxy-terminal region of a related channel, the hyperpolarization-activated cyclic nucleotidemodulated (HCN) channel . This structure is in all likelihood very similar to the corresponding region in CNG channels. The availability of this structure has raised a number of important questions. (a) Does the structure of the isolated HCN fragment refl ect a conformation of the intact HCN and CNG channels? (b) If so, which conformation does it represent: closed channel? Open channel? Gating intermediate? (c) And how does this structure rearrange during gating? These questions can be addressed by directly measuring the structure and dynamics of short-range molecular interactions predicted by the structure. Here we report a new method for simultaneously measuring short-range interactions with fl uorescence spectroscopy and channel function with patch-clamp recording, and show an example of its use in CNG channels.
M AT E R I A L S A N D M E T H O D S
Bimane-C3-maleimide and mono bromo bimane were purchased from Molecular Probes and dissolved at 100 mM in DMSO. This stock was aliquoted in small volumes and maintained frozen at −20°C. An aliquot was thawed just before each experiment and generally used for no more than two freeze-thaw cycles. All other reagents were obtained from Sigma-Aldrich.
Channel Mutagenesis
The CNGA1 channel with all seven endogenous cysteines removed (cysteineless) was used as a template for mutagenesis ( Matulef et al., 1999) . C481, I600C, and all tryptophan mutations were constructed by PCR mutagenesis as previously described (Gordon and Zagotta, 1995) . All constructs were in the pGEMHE oocyte expression vector, and mRNA was prepared using the mMessage mAchine kit (Ambion). Xenopus oocytes were prepared and injected with RNA as previously described (Gordon and Zagotta, 1995) .
Electrical Recording and Solutions
Current recording was performed in inside-out patches (Hamill et al., 1981) formed at the tip of 300-500 KΩ glass pipettes using an Axopatch 200B amplifi er (Axon Instruments). Macroscopic currents were fi ltered at 2.5 KHz, sampled at 5 KHz, and digitized by an ITC-18 interface (Instrutech Co.). Data were acquired and analyzed with Pulse (HEKA Elektronik) and Igor (Wave Metrics). Patches were perfused with cyclic nucleotide-containing solutions using a rapid solution changer (BioLogic) in the presence of constant bath perfusion. The pipette and bath solutions contained 130 mM NaCl, 3 mM HEPES, 0.2 mM EDTA, pH 7.2 with NMG. Sodium salts of cyclic nucleotide were dissolved in this solution, compensating to maintain a 130 mM fi nal sodium concentration. Immediately before the experiment, bimane maleimide was diluted to the desired concentration (indicated in fi gure legends) in this solution, with or without 2 mM cGMP.
Optical Recording Setup
Optical recordings in cell-free patches (patch-clamp fl uorometry [PCF] ) were performed on a Nikon Eclipse TE2000-E microscope equipped with a 60× 1.4 na Plan Apo oil immersion objective (Nikon). Laser illumination was achieved using a Coherent Radius solid-state laser (403 nm, 30 mW), coupled via an optical fi ber to the total internal refl ection (TIR) module from Nikon. The laser input power at the back aperture of the objective was 2.1 mW. In some experiments, this was attenuated to 0.26 mW using a neutral density fi lter to reduce photobleaching. No excitation fi lter was used. Light was collected by the objective, passed through a dichroic mirror centered at 405 nm and a long pass fi lter centered at 415 nm (Chroma Technology), and then was refl ected on to the grating of a spectrograph (Acton MicroSpec 2150i) that was coupled to one of the side ports of the microscope. Light was detected by a Cascade 512B intensifi ed CCD camera with a chip size of 512 × 512 pixels (Roper Scientifi c).
Spectroscopic measurements were done by placing the slit of the spectrograph over the image of the patch at the tip of the pipette and refl ecting the image onto the grating (300/500 blazing). This produces a "spectral image" at the camera in which the x axis is a wavelength dimension and the y axis is a spatial dimension. The spectral region resolved by this grating and camera combination is 153 nm. Images were acquired for 300 ms to 1 s and the pixels were binned up to 5 × 5. The resolution is dependent on the level of binning of images and its value is 0.303 nm/pixel without binning.
Calibration of the spectrograph was achieved by generating a spectrum from a multi-line Ar-ion laser (SpectraPhysics) and mapping the peak wavelengths (456, 488, and 514 nm) to pixel number.
For imaging, the grating was moved to its zeroth-order position and the slit removed. Image acquisition and analysis, and microscope and instrument control were performed with MetaMorph (Universal Imaging Co.).
Data Analysis
Normalized dose responses of currents as a function cGMP concentration were fi tted with the Hill equation:
where I is the cGMP-elicited current, I max is the maximal current, K d is the concentration of cGMP for which I/I max = 0.5, and n is the Hill coeffi cient. Results from multiple experiments are expressed as the mean ± SEM. The time course of modifi cation in the open state was fi t with the following equation:
where I cAMP and I cGMP are the current in saturating cAMP and GMP, respectively. R max is the steady-state fractional activation by cAMP, k is the modifi cation rate, and m is an exponent that accounts for the sigmoidal time course. Images and line scans from spectra were acquired in MetaMorph and transferred to Igor (Wave Metrics) for further analysis. Currents were analyzed in PulseFit (HEKA) and also transferred to Igor. Spectra were background corrected by subtracting a line scan of the nonfl uorescent region immediately above the pipette. All the vertical pixels corresponding to the length of the patch were averaged to form a spectrum.
Quenching of bimane fl uorescence (F) by tryptophan in solution was quantifi ed from spectra by plotting the average fl uorescence in a 7-nm window centered at 488 nm as a modifi ed Stern-Volmer plot. Quenching of bimane in solution and in patches containing cysteineless CNGA1 channels were fi t by a Stern-Volmer equation:
where F o is the fl uorescence in the absence of quencher, F is the fl uorescence at each concentration of quencher, K is the quenching constant, and [q] is the concentration of tryptophan. Data for quenching of bimane in patches containing C481 or I600C channels were fi t by a two component Stern-Volmer equation:
where f is a number between 0 and 1 representing the relative contribution of each component, and K i is the quenching constant for each component.
R E S U LT S

Tryptophan Quenches the Fluorescence of Bimane
Bimane is a small, environmentally sensitive fl uorophore whose fl uorescence has been used as a sensor of the local environment of residues in proteins (Kosower et al., 1979; Kosower et al., 1980; Kachel et al., 1998; Mansoor et al., 1999; Silvius, 1999) . More recently it was discovered that bimane fl uorescence is quenched by nearby tryptophan residues ( Fig. 1 A) (Mansoor et al., 2002) . Tryptophan quenching of bimane fl uorescence is thought to be due to photo-induced electron transfer from tryptophan to excited bimane, and can be easily observed in a fl uorometer with increasing concentrations of tryptophan added to the solution ( Fig. 1 B) . The decrease in fl uorescence emission with increasing tryptophan concentration followed a simple linear Stern-Volmer relation, a plot of the inverse of the fractional fl uorescence change as a function of the inverse of the quencher concentration ( Fig. 1 C, see Materials and methods). This indicates that the quenching can be described by a single quenching constant K. Mansoor et al. (2002) have shown that intramolecular quenching between bimane and tryptophan can be observed in T4 lysozyme, and the quenching occurs when the tryptophan to bimane distance is <15 Å. Thus, tryptophan quenching of bimane can be used as a proximity detector for distance changes associated with conformational changes in proteins (Mansoor et al., 2002; Janz and Farrens, 2004) . Since the distances are much shorter than standard FRET, this approach, in theory, could allow one to compile a series of contact points between different regions of the protein and measure the dynamics of these contacts, akin to spin-spin coupling in EPR or NOE's in NMR. Unlike these other techniques, though, tryptophan quenching of bimane can be measured for very small amounts of channel protein in membrane patches simultaneous with electrical recording.
To explore the use of this approach to measure the conformational dynamics of an ion channel, we chose to study the gating rearrangements of the carboxy-terminal region of CNGA1 channels. This region exhibits 47% sequence similarity to the corresponding region of HCN2 channels whose structure was recently solved by x-ray crystallography . The structure consists of a fourfold symmetric tetramer on the intracellular end of the channel pore (Fig. 2 A) . Each subunit contains a cyclic nucleotide-binding domain (CNBD), with bound cAMP (or cGMP), attached to the inner helices of the pore by an α-helical C-linker domain.
To get at the molecular dynamics of the channel, we have used patch-clamp fl uorometry (PCF) to simultaneously measure the channel structure with fl uorescence and the channel function with patch-clamp recording Zagotta, 2000, 2003) . In our present PCF experiments, cysteines and tryptophans were introduced into the channel sequence and the mutant channels expressed in Xenopus oocytes. Then, insideout patch-clamp recordings were made and the cysteine was modifi ed with a cysteine-reactive bimane. This confi guration allowed the time course of modifi cation to be followed and the unincorporated fl uorophore to be washed away. The fl uorescence from the patch during various experimental manipulations could then be collected by a high numerical aperture objective and either imaged on a CCD camera or analyzed on a spectrograph to measure the emission spectrum.
Modifi cation of C481 Channels with Bimane Maleimide
In CNGA1, an endogenous cysteine, C481, resides on the periphery of the carboxy-terminal region at the junction between the C-linker and CNBD domains (Fig.  2 A) . We chose this cysteine residue as a site to introduce cysteine-reactive bimane into otherwise cysteineless CNGA1 channels. Based on the effects and state dependence of cysteine-modifying reagents, this cysteine has previously been proposed to undergo a rearrangement during gating (Gordon et al., 1997; Brown et al., 1998) . Fig. 2 B shows the gating effect of modifying C481 with bimane maleimide. Modifi cation caused an increase in the apparent affi nity for cGMP (K d decreased from 34.0 ± 5.2 μM to 7.05 ± 6.11 μM, n = 4) (Fig. 2 B) and an increase in the fractional activation of the partial agonist cAMP (I cAMP /I cGMP increased from 0.0087 ± 0.0047 to 0.526 ± 0.075, n = 3) (Fig. 2 B) . These results can both be explained if modifi cation causes a decrease in the free energy of channel opening, making cAMP a better agonist, and suggest that C481 or nearby regions undergo a rearrangement during gating. Consistent with this interpretation, the rate of modifi cation of C481 was profoundly state dependent. Addition of bimane maleimide in the absence of cGMP (closed state) caused little or no modifi cation of the channels, while addition in the presence of cGMP (open state) caused a large increase in the cAMP-activated current (Fig. 2 C) . These results suggest that C481 is more accessible in the open state.
After modifi cation of C481 with bimane maleimide, bright fl uorescence could be observed confi ned to the area of the patch (Fig. 3 A) . With excitation by a 403-nm laser, an omega-shaped patch was clearly visible inside the pipette. Unlike most fl uorophores, bimane maleimide shows a marked increase in fl uorescence quantum yield upon reaction with a cysteine (Kosower et al., 1980) , suggesting that most of the observed fl uorescence arose from cysteine-reacted bimane. Consistent with this idea, little or no fl uorescence was observed in patches previously blocked by 10 min in 1 mM N-ethylmaleimide (NEM) in the presence of cGMP (unpublished data). Spectral analysis of the fl uorescence revealed that the emission spectrum of bimane was slightly blue shifted ‫01ف(‬ nm; Fig. 3 B, black trace) relative to the spectrum of free bimane in solution (Fig. 3 B , dashed red trace) and similar to bimane reacted with BSA (Fig. 3 B; solid red trace). Bimane has been extensively used as an environmentally sensitive fl uorophore, and the blue shift is as would be expected for bimane experiencing the less polar environment of a protein (Wang et al., 1997; Mansoor et al., 1999) .
Since the fl uorescently labeled channels are present in the controlled environment of an inside-out patch, we could directly measure the effects of exogenously applied cyclic nucleotide and tryptophan in solution on channel ionic current and fl uorescence. 2 mM cGMP, a saturating concentration, produced a large increase in the current (Fig. 3 C, corresponding to the activation of ‫000,51ف‬ channels) but no detectable change in the fl uorescence (Fig. 3 D, compare spectra 1 and 2 ). This result indicates that, at this concentration, cGMP has no direct effect on the fl uorescence of bimane. The addition of 25 mM tryptophan produced only a small decrease in current (Fig. 3 C) but a large decrease in fl uorescence (Fig. 3 D, compare spectra 2 and 3) . The decrease in fl uorescence was rapidly reversible (Fig. 3 D, compare spectra 3 and 4) and refl ects the quenching of immobilized bimane by tryptophan in solution.
The quenching effi ciency of tryptophan in solution was state dependent. Fig. 4 A shows Stern-Volmer plots for the quenching of bimane in a C481-containing patch in the absence (filled squares) and presence (open squares) of cGMP. A decreased slope in these plots refl ects a higher quenching effi ciency (a higher quenching constant K). Therefore C481-bimane was more easily quenched by soluble tryptophan, and thus more accessible in the open state in the presence of cGMP (K = 6.1 ± 1.5 mM −1 , n = 3) than in the closed state in the absence of cyclic nucleotide (K = 2.8 ± 1.1 mM −1 , n = 3). The opposite state dependence occurs upon labeling a cysteine introduced at the 600 position (I600C). I600C is located in the C-helix of the CNBD of CNGA1 (Fig. 1 A) and has been shown previously to form a homotypic intersubunit disulfi de bond in closed channels (Matulef and Zagotta, 2002) . Unlike C481, I600C-bimane was more accessible to tryptophan in solution in the closed state (K = 1.55 ± 0.45 mM −1 , n = 2) than in the open state (K = 0.63 ± 0.08 mM −1 , n = 2) (Fig. 4 B) , consistent with the proposed movement of the C-helix during CNG channel gating (Goulding et al., 1994; Varnum et al., 1995) . In both cases, data could not be fi t by a simple linear Stern-Volmer relation, but required two quenching components. The state-dependent component was only a fraction of the total patch fl uorescence (15% for C481 and 20% for I600C in Fig. 4, A and B, respectively) . This component clearly arises from channel-associated fl uorophore, suggesting that under these labeling conditions, only a fraction of the bimane in the patch was directly associated with the channel. The state-independent component probably represents background fl uorescence and could be directly observed in patches containing cysteineless CNGA1 channels. Its quenching was similar to quenching of bimane free in solution (Fig. 4 C) . Interestingly the quenching effi ciency of the channelassociated component was higher than for free bimane. A similar observation has been made for iodide and thalium quenching of other fl uorophores attached at C481 Zagotta, 2000, 2003) . The reason for this increased quenching effi ciency is unknown.
Although the state dependence of quenching provided a useful way to distinguish between background fl uorescence and channel-associated fl uorescence, we sought an additional approach to improve the specifi city of bimane labeling. We capitalized on the statedependent accessibility of C481 to eliminate much of the nonchannel-associated fl uorescence. By applying a nonfl uorescent cysteine-modifying reagent in the absence of cGMP, we fi rst blocked reactive cysteines in the patch that were accessible when the channels were closed. We could then specifi cally label the channels with bimane maleimide in the presence of cGMP. The results of such an experiment are shown in Fig. 5 . Labeling the patch without blocking produced a fairly uniform labeling throughout the area of the patch (Fig.  5 A, and red trace in Fig. 5 C) . However blocking the background fi rst for 7 min with 1 mM NEM in the absence of cyclic nucleotide produced more specifi c labeling of the plasma membrane as seen by the bright signal in the area of the membrane (Fig. 5 B) and by the now well-defi ned peak of fl uorescence seen in the line scan (Fig. 5 C) . Preblocking nonchannel-associated cysteines with NEM produced a specifi c reduction of fl uorescence in the interior of the patch (note the different scales in Fig. 5 C) , suggesting that most of the background fl uorescence arose from cytosolic proteins that are associated with the patch. The rate of modifi cation of the background sites is considerably faster than modifi cation of C481 Zagotta, 2000, 2003) , so the specifi city of labeling can also be increased by blocking the background sites with short exposures to NEM, eliminating the need for state-dependent modifi cation. However because fl uorescence intensity changes of just a few percent could be easily observed, no background blocking was applied for the experiments to follow.
Intramolecular Quenching of Bimane by Introduced Tryptophan Residues
The real power of this new approach is not its ability to observe state-dependent changes in accessibility of residues to soluble quenchers, but in its ability to measure state-dependent changes in short-range interactions in the channel, using tryptophan as an intrinsic quencher in the channel. This is particularly valuable when a highresolution structure is available that provides testable predictions and a framework within which to interpret the results. Such is the case for the CNG channel.
We used our homology model of the carboxy-terminal region of CNGA1 (Fig. 1 A) to identify residues within a sphere of 15 Å radius from C481. Five residues were chosen to be mutated to tryptophan in a C481 background and act as possible quenching partners for C481-bimane. Fig. 6 A shows the position of these fi ve mutated residues, three in the D' helix (A461W, A464W, and I465W) and two in the C helix (Y586W and D588W), and their corresponding β-carbon distances to C481. All of these channels with introduced tryptophan residues produced relatively large cGMP-activated currents in inside-out patches (>1000 pA at 30 mV) and could be modifi ed by bimane maleimide at C481. However, most did not show state-dependent changes in bimane fl uorescence that would refl ect changes in intramolecular quenching by the introduced tryptophan (Fig. 6 B) . One such mutant is D588W. After bimane modifi cation of C481, D588W channels could be normally activated by cGMP (Fig. 7 A) and exhibited bimane fl uorescence, but the fl uorescence was not signifi cantly different in the absence and presence of cGMP (Fig. 7 B , compare spectra 1 and 2).
In contrast, A461W channels showed a signifi cant change in fl uorescence upon application of cGMP (Fig. 7, C and D) . 2 mM cGMP caused a 14.1 ± 2.9% (n = 5) decrease in fl uorescence that was rapidly reversible and reproducible. The fl uorescence quenching was only seen in the A461W mutant and was not observed in C481F-A461W channels. Furthermore, the quenching was not associated with a change in shape of the emission spectrum, but only a decrease in peak amplitude (Fig. 7 D) similar to quenching by soluble tryptophan. These results suggest that the quenching in A461W channels arose from intramolecular quenching of C481-bimane by A461W.
To confi rm that the change in bimane quenching by A461W was due to the molecular rearrangement associated with CNG channel gating, we compared the cyclic nucleotide dependence of quenching to that of channel activation measured in the same patch. As shown in Fig. 8 , the magnitude of the quenching exhibited the same dependence on cGMP (Fig. 8 B) as the activation of the modifi ed A461W channel (Fig. 8 A) . The dose dependence of quenching could be fi t with the same apparent affi nity (K d ) and Hill coeffi cient (n) as for activation of modifi ed channels. Furthermore, 16 mM cAMP was similarly effective at promoting channel opening and quenching of C481 by A461W. 16 mM cAMP is a saturating concentration that should bind completely but is less able to promote channel opening. These results indicate that the fl uorescence quenching of C481-bimane is reporting a molecular rearrangement of the channel associated with the opening gating transition and not cyclic nucleotide binding. The decrease in fl uorescence with cGMP suggests that C481 moves closer to A461 during the activating allosteric transition in the channel. The bimane C 3 -maleimide used in these experiments contains a relatively long linker between the bimane and maleimide moieties, leaving open the possibility that the quenching is not faithfully reporting the movement of C481 relative to A461W. To address this concern, we reacted C481, A461W channels with monobromobimane, which contains virtually no linker. As shown in Fig. 9 , the open state-dependent quenching with monobromobimane modifi cation was quantitatively very similar to that with bimane C 3 -maleimide. These results confi rm that the fl uorescence quenching is reporting a movement of C481 relative to A461W during channel opening and does not require the long linker of bimane maleimide.
D I S C U S S I O N
In this paper we have demonstrated a new approach to study conformational changes in channels using quenching of bimane fluorescence by nearby tryptophan residues. Fluorescence from bimane-modifi ed channels is readily observable in inside-out patches and spectroscopic measurements are easily obtained. We observed that the fl uorescence of bimane-modifi ed channels can be quenched by both tryptophan in solution and tryptophan in the channel. The state-dependent fl uorescence changes in the C481-bimane A461W channels are well correlated with the cyclic nucleotide-induced opening conformational change, indicating that the fl uorescence is reporting a conformational change that is tightly coupled to channel opening. Our results explicitly rule out the possibility that the fl uorescence is simply reporting cyclic nucleotide binding. (a) cAMP is a partial agonist and only partially quenches bimane fl uorescence relative to cGMP. If it was the binding of the negatively charged ligand that caused quenching, then saturating concentrations of cAMP would produce the same degree of quenching as cGMP. (b) In our experiments with C481 channels with no additional tryptophan, we observe no fl uorescence quenching effects, arguing that the ligand alone is not responsible for quenching.
The absence of a cyclic nucleotide-dependent change in bimane fl uorescence in the other tryptophan mutants is diffi cult to interpret. These negative results could arise in at least three ways: (1) these tryptophans and bimane may not be close enough or properly oriented to produce quenching; (2) the distance between these tryptophans and C481 might not change enough during channel gating to change the quenching; and (3) the change in quenching might be too small to detect above the background bimane fl uorescence. Given these uncertainties, it seems most prudent in this approach to interpret only the results from bimanetryptophan pairs that produce a gating-dependent increase or decrease in bimane fl uorescence, as seen in C481-bimane A461W. In the future, an instrument capable of measuring fl uorescence lifetimes could be used to determine the absolute degree of quenching in each state of the channel, allowing a more thorough comparison to the x-ray structure.
It is interesting to note that of all of the residues we tested, A461W is the furthest from C481 (15 Å) in the homology model of the carboxy-terminal region. This distance is on the outer limits of the distances reported for tryptophan to quench bimane (Mansoor et al., 2002) . One possible explanation for this observation is that the crystallized structure of the carboxyterminal region is in the resting conformation, at least with regard to the relative position of A461 and C481, and that the two residues are closer in the open channel. A similar proposal was recently made based on the effects of mutating salt bridges observed in the structure of the C-linker region (Craven and Zagotta, 2004) . In both CNGA1 and HCN2 channels, mutating these salt bridges caused a potentiation of channel activation, suggesting that the salt bridges helped stabilize the closed conformation. Therefore the crystal structure of the C-linker region may reside in a resting confi guration, and activation of the channel may move A461 and C481 in closer proximity. Alternatively, A461W and C481-bimane may be in close enough proximity in the structure to achieve quenching, and closure of the channel may move them even further apart. Data from more bimane-tryptophan pairs are needed to distinguish between these alternatives.
With multiple quenching pairs, tryptophan quenching of bimane fl uorescence offers great hope for elucidating the rearrangements and dynamics of gating conformational changes in ion channels. This approach should prove generally useful for probing short-range interactions in proteins, especially when a structural framework exists for interpreting state-dependent changes in quenching as structural rearrangements. By focusing on short-range interactions, it overcomes many of the problems associated with intramolecular FRET experiments. In addition, only one fl uorophore needs to be introduced into the channel by modifi cation, signifi cantly reducing the problems with specifi city of introducing two separate fl uorophores into the same protein. Finally, combined with the use of PCF, this approach allows for the study of intracellular sites, where many of the rearrangements in ion channels take place.
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(B) cGMP dose-response relation of bimane quenching in modifi ed A461W channels. The data were fi t with Eq. 1 with a maximum value of 0.15, and the same parameters used for the cGMP dose-response relation of modifi ed channels in A. The red symbol is the quenching observed when the channels are opened by 16 mM cAMP and was corrected for the 3.1 ± 0.6% (n = 3) quenching of bimane produced by 16 mM cAMP alone. Fluorescence changes in A461W-C481 channels modifi ed with 250 μM monobromobimane. After modifi cation, spectra were acquired in the absence of cyclic nucleotide (closed state, black traces) or in the presence of 2 mM cGMP (open state, red traces) in the order indicated by the numbers in boxes. The amount of quenching in this experiment was 14.8%.
